Abstract -Parmigiano Reggiano is a Protected Designation of Origin, long-ripened cheese, made from cow's milk supplemented with natural whey starter, which thus contains a large microbial biodiversity. The aim of this study was to understand the population dynamics of the total lactic microflora throughout the manufacture and ripening of this cheese. Several approaches were combined to determine the quantitative changes in the different bacterial populations during 20 months of ripening of Parmigiano Reggiano cheeses from the same cheesemaking. Total and viable cells were enumerated after fluorescent labeling. Culturable bacteria were enumerated on different plate count agar media, including original media prepared from curd and ripened cheese. Six peptidase activities were quantified in curd and cheese samples free from cells. While the total bacterial cultivable population remained high and similar for the first six months, a decrease in viable starter lactic acid bacteria was observed during the first 48 h. The non-starter lactic acid bacteria populations, initially present in low numbers, began to grow after the brining and remained at high levels (about 10 7 CFU·g −1 ) for at least 10 months. During ripening, a strong decrease in the total bacterial population and a marked increase in 4 out of 6 peptidase activities were observed. In the external and internal zones of Parmigiano Reggiano cheese different trends in microbial growth, cell autolysis and peptidase activity were observed. This study gives for the first time a global view of the possible contribution of total, viable, cultivable and lysed bacterial cells throughout the ripening of Parmigiano Reggiano cheese.
INTRODUCTION
Parmigiano Reggiano (PR) is a Protected Designation of Origin (PDO), hardtextured, cooked and long-ripened cheese. It is made following strict manufacturing procedures, from cow's milk supplemented with natural whey starter only (http://www. parmigiano-reggiano.it). Only unheated raw milk, obtained by mixing evening milk (partially skimmed by natural creaming) with full-cream milk of the following morning can be used. During the natural creaming the reduction of the bacteria ascending with the fat globules and the growth of the residual non-starter lactic acid bacteria (NSLAB) occur [28] . Natural whey starter consists of a culture of thermophilic lactic acid bacteria (SLAB) selected by cooking of the curd and by incubation of the sweet whey which results from each day's cheesemaking as it naturally cools down.
Other important technological characteristics are: the use of calf rennet, the cooking temperature of the curd (54-55
• C), slow heat dissipation during lactic acid fermentation, whey drainage from the curd, and brining with NaCl and slow diffusion into the cheese, as well as a long ripening time of at least 12 months [25] .
A very interesting recent study highlighted the effect of the curd cooking temperature on the viability of SLAB and NSLAB, cheese composition and ripening indices of an experimental semi-hard cheese [35] . The cooking temperature plays a key role in the acidification process in the first hours after PR cheesemaking [32] . Furthermore, the temperature at the end of cooking has been shown to influence the moisture content of cheese and to affect the acidification curves in the inner zone of the cheese, where slight variations in temperature can advance or delay the beginning of the lactic fermentation.
Microbiological features of PR have been studied by Coppola et al. [8, 9] , who isolated a great number of strains from a large amount of samples representative of the production and the earlier and advanced stages of ripening on traditional growth media. Recently, the diversity of the dominant lactic acid bacteria population in six samples of 12-month ripened Parmigiano Reggiano cheese was also investigated by a culture-independent approach [15] . However, the evolution of LAB during the ripening of the same cheesemaking, to our knowledge, has never been investigated.
During the ripening period, LAB contribute to cheese flavor development through several basic mechanisms that include carbohydrate fermentation, conversion of milk proteins into peptides and free amino acids, catabolism of amino acids into aroma compounds, hydrolysis of milk lipids into free fatty acids, and citrate catabolism [13] . In particular, for long-ripened cheeses such as PR, the proteolysis may be considered an essential multi-step biochemical event [14, 29] .
Over the last few years, some LAB complex peptidase systems with different natures, specificities and localization have been characterized [6, 21, 26, 33, 38] . Residual enzymatic activity in cheese can be considered as the trace of the microbial ecosystem evolution during aging [17, 40] . In a comprehensive study of the relationship between starter autolysis and the proteolytic enzyme complement released in Cheddar cheese, Sheehan et al. [34] found that differences in lactococcal starter autolysis influenced the proteolytic activities of the released enzymes during ripening. Moreover, in a recent study the positive impact of Lactobacillus helveticus autolysis on flavor precursor development in ripened Cheddar cheese has been demonstrated [19] .
For many reasons, the study of lactic microflora and peptidase activities is important to understand the essential biochemical events during PR manufacture and ripening. In this work, a comprehensive sampling design allowed the analysis of this PDO cheese to be performed during its production and over 20 months of ripening. The SLAB and NSLAB cultivability and viability were assessed. Furthermore, in order to stress the role of microbial enzymes released after cellular lysis, the aminopeptidase and dipeptidylaminopeptidase activities in the extract of cheese, free from cells, were evaluated.
MATERIALS AND METHODS

Cheesemaking
With the aim of obtaining a suitable number of PR cheeses necessary for this study, a well-equipped factory able to guarantee the production of twin wheels was chosen. The milk and whey starter were held and processed in the same tanks and using a volume counter pump, the milk was distributed in equal volumes in the vats. The cheese was produced according to the PR production protocol (http://www. parmigiano-reggiano.it).
Natural whey starter was added to eight vats each containing 1040 kg of milk (510 kg of partially skimmed evening milk and 530 kg of whole morning milk) at 33 g·L −1 , bringing the pH of the mixture to 6.20. After the cheesemaking and molding, the wheels were held for three days and frequently turned to enable complete whey drainage. Sixteen wheels were then salted by immersion in brine at 300 g NaCl·L
for 23 days. Ripening was done in aging rooms with 85% relative humidity for 20 months.
Dairy samples
First of all, aliquots of the total mass of whey starter, raw milk and curd were sampled. Subsequently, for each of the following samples, curd 6, 12 and 48 h after extraction, salted cheese (1 month) and cheese at different stages of ripening (2, 3, 4, 6, 8, 10, 12, 16 and 20 months) were used; the wheels were cut lengthwise along the vertical axis and a central cheese section (1.0 cm thick) was obtained. Internal and external (0.5 cm from the cheese crust) portions were obtained from these cheese sections and grated before the analysis.
Physico-chemical analyses
The pH of samples was directly measured using a pH meter (350 pH, Beckman Coulter, Fullerton, CA, USA).
Lactose, galactose, L-lactate and D-lactate were determined according to Careri et al. [4] , by enzymatic assays in g·L −1 with Boehringer-Mannheim kits (Boehringer-Mannheim, Germany). The estimated error for the enzymatic assays was less than 5% and for the chromatographic assays it was less than 3%.
Microbiological analyses
Media and growth conditions
Whey starter and milk were serially diluted tenfold in 0.05 mol·L −1 sodium citrate (Sigma, Italy) buffer, pH 7.5, while 10 g of curd and 10 g of the internal or external cheese samples were first homogenized for 3 min in a blender (Stomacher 400, Seward, UK) with sodium citrate before being serially diluted. In order to recover the cultivable bacterial population, the following media and temperature/time conditions of incubation were used: MRS agar pH 5.4 (Oxoid, Italy) at 42
• C for 48 h and 25
• C for 72 h to facilitate, respectively, the growth of thermophilic and mesophilic lactobacilli; M17-SSW [12] at 42
• C for 42 h to count streptococci, and 25
• C for 72 h to count lactococci; and whey agar medium (WAM) [18] at 42
• C for 48 h to facilitate the growth of the strains arising from natural whey starter. Moreover, curd agar medium (CURDAM) [22] and cheese agar medium (CAM) [10, 22] , which are media mainly composed of grated curd and ripened cheese, respectively, were used at 42
• C for 72 h to select low nutritional-demanding LAB.
The media were all incubated under anaerobic conditions. The microbial counts were carried out in duplicate and the standard deviation of mean values was calculated. The estimated error was less than 10%.
Cell viability count
Cell viability was directly checked using a LIVE/DEAD BacLight Bacterial Viability Kit (Molecular Probes Inc., Eugene, USA) and an epifluorescence microscope (Nikon 80i, Tokyo, Japan) [16] . Curd and cheese samples were diluted as previously described, centrifuged (8000× g, 10 min, 4˚C) and pelleted. The resulting pellet was diluted in 1 mL of sterile water and treated with 0.7 μL of Syto9 stain and 1 μL of propidium iodide stain. Direct counts of total, viable and unviable bacterial populations were evaluated using a Thoma chamber (Brand, Germany). Each sample was prepared and counted in duplicate and average values were calculated. The estimated error was about 3% [16] .
Determination of peptidase activities
Sample extracts were prepared according to Gatti et al. [17] . A dialysis step was included to eliminate any low-molecularweight substances such as salts which could interfere with the successive reactions. The sample suspension obtained after 24 h of dialysis in tube-shaped cellulose (Spectra/por, Spectrum Laboratories Inc., USA), with a cutoff of 3000 g·mol −1 , was centrifuged (10 000× g, 10 min, 4
• C), filtered through a cellulose acetate membrane with 0.22 μm pore size (Sartorius, Italy) and incubated with 0.650 mmol·L −1 solutions of amino acid β-naphthylamide (βNA) derivates (Bachem Feinchemikalien AG, Switzerland) and 0.05 mol·L −1 phosphate buffer pH 7.0 at 40
• C in different amounts for different times: Lys-βNA, Arg-βNA, Leu-βNA: 50 μL of dialyzed suspension, 125 μL of βNA substrate, 125 μL of phosphate buffer and 200 μL of bidistilled water for 1 h for the first two substrates and 3 h for the third one; Pro-βNA: 300 μL of dialyzed suspension, 100 μL of βNA substrate and 100 μL of phosphate buffer for 24 h; Glu-βNA: 350 μL of dialyzed suspension, 75 μL of βNA substrate and 75 μL of phosphate buffer for 24 h; Phe-Pro-βNA: 50 μL of dialyzed suspension, 125 μL of βNA substrate, and 325 μL of bidistilled water for 1 h. The reaction was stopped by the addition of 250 μL of 2.0 mol·L −1 HCl. The degree of hydrolysis was determined by measuring the colored product of an azocopulation reaction by reading spectrophotometrically at 580 nm (A 580nm ) according to Boquien et al. [1] . Each assay was carried out in duplicate and the average values were calculated. The estimated error was less than 1.5%. The arbitrary unit of enzyme activity (EA) was defined as the number of micromoles of β-naphthylamide released in one hour in one mL of each sample.
RESULTS AND DISCUSSION
Chemical analyses
Organic acids are important indicators of biochemical metabolic processes occurring during the ripening of cheese. The results obtained from the evaluation of organic acids can be used as a reflection of the bacterial metabolism and fermentation which characterize PR cheese [27] . Table I shows that at the beginning of the cheesemaking, lactose and galactose were totally consumed by thermophilic SLAB. At the same time, an expected increase in lactate was observed. Lactate produced from lactose was in agreement with other authors, who described it as the most abundant organic acid in Parmigiano Reggiano cheese, ranging from 1.30 [4, 28] . The concentrations of L-and D-lactic acid were approximately the same (L:D ratio approx. 1:1). In fact, both optical isomers are produced from lactose by the thermophilic LAB component of the natural starter. The values for citrate and succinate are in agreement with the results described by Careri et al. [4] , but disagree with Coppola et al. [8] , who observed a gradual decrease in citrate concentration during aging. During our PR cheesemaking, citrate was apparently not used as an energy source by facultative heterofermentative LAB, even though many of them have the potential to metabolize it as well when fermentable sugars are present [7] . Our findings suggest that the growth of the microorganisms after the start of the ripening was probably not connected to their ability to utilize citrate as a source of energy. The acetic acid values found are in agreement with previous reports [4] . Pyroglutamic acid is related to the age of PR [27] . The association of glutamic acid with pyroglutamic acid cyclase activity was demonstrated for thermophilic lactic species. The cyclization of glutamic acid in pyroglutamic acid was proposed by Mucchetti et al. [24] as a ripening marker in long-ripened cooked cheese. Our results for this organic acid support this hypothesis.
Microbial counts and growth trends
LAB cultivability was evaluated during PR manufacturing and ripening. Figures 1a and 1b show that the total microbial cultivable population remained high and similar for the first six months. After six months, a progressive decrease was observed. The evolution of the microbial counts in the five growth media was different for the first 48 h, and split into two groups after four months: the highest counts were in WAM, MRS 5.4 42
• C and CAM; the lowest in M17-SSW 25
• C and 42
• C. In particular, when three months of ripening were reached in the internal and external zones, the values of microbial counts on MRS 5.4, WAM and CAM result overlapped and remained comparable until the end of ripening. After 9-10 months of ripening a decrease in the number of cultivable bacteria was observed. Counts in CURDAM were low (in the order of 10 −1 to 10 −2 ), and the lowest counts were observed for the streptococcal and lactococcal populations, evaluated in M17-SSW agar, respectively, at 42 and 25
• C. We hypothesize that the majority of the microbial populations found in cheese after four months of ripening were not able to metabolize lactose, present in M17-SSW and CURDAM media as a carbon source.
Microbial counts in WAM confirmed that after the addition of whey starter, because of the temperatures used during production in the first 48 h, the thermophilic microflora (SLAB) became dominant in respect to the mesophilic microflora (Figs. 1a  and 1b) . In this phase, the nutritionally demanding microorganisms found in WAM had the best conditions for growth. WAM attempts to reproduce the natural composition of the whey; it supports the original population from the whey starter and can be considered the growth medium that best suits their growth. Different microbial counts were detected using WAM for the internal and external 6-h curd, suggesting that the early decrease in temperature in the external zone of the wheel could have favored the growth of SLAB.
Microorganisms cultivated at 25
• C in MRS 5.4 and at 42
• C in CAM were unable to grow in the first 48 h. However, in the advanced phase of ripening (Figs. 1a  and 1b) , they demonstrated the ability to use alternative potential energy sources and also to metabolize carbon sources other than lactose and citrate. These microflora were probably NSLAB originating from milk, as observed in other hard cooked cheeses such as Swiss Gruyère [5] . Generally, only a few strains survive the processing conditions and grow during ripening [5] .
The number of SLAB commonly exceeds 10 9 CFU·g −1 in many young semihard and hard ripened cheeses [2] . At the same time, NSLAB populations occur in numbers of about 10 2 CFU·g −1 and begin to grow and eventually plateau at cell densities of 10 7 -10 9 CFU·g −1 after several months of aging [2] . Using the plate count agar technique, we found similar values only for NSLAB, whereas the value of SLAB, at the beginning of ripening, was more than 1 log less than the population generally found [2] . This difference may be due to the intrinsic limits of traditional agar-based and culture-dependent methods applied to estimating the SLAB arising from a natural whey starter [16] . Moreover, we found that in advanced phases of PR ripening (over 12 months), presumptive mesophilic lactobacilli counts were higher than presumptive lactococci in both cheese portions.
Cell viability counts
Cell viability counts using a Bacterial Viability Kit allowed the determination of the viable (undamaged cell membrane) and the unviable (damaged cell membrane) bacteria. The sum of viable and unviable counts gives an indication of the direct total population. Total microbial counts using the cell viability method gives additional information compared with classical plate counts, where there is the influence of adaptability, choice of nutritional substrate and incubation parameters. Figures 1 and 2 show that cultivable populations were always lower than total direct population counts, especially at the beginning of cheese production. During ripening, the culture medium CAM supported the recovery of the total cultivable population, as demonstrated by an overlap of both plate and direct count results. In the first 12 h of manufacture, viable, unviable and total populations were higher in the external portion of cheese than in the internal portion (Fig. 2) . In particular, viable cells in the external portion of the curd were one logarithm higher than those in the internal portion.
The assessment of total counts highlighted the induction of bacterial lysis. During aging, the conditions prevailing in the cheese matrix limit the preservation of cell viability [2] . The absence of residual lactose and galactose, high levels of NaCl, low pH and the drop in temperature contribute to cell autolysis, which results in the release of intracellular enzymes and other components into the cheese matrix. In the one-month cheese sample, a reduction in the number of total cells was observed both in the external and internal portions. Interestingly, between the first and the second months an increase in the total population, especially in the external portion, was observed. After the second month of ripening, a continuous and gradual decrease in viable counts was observed until the end of ripening (Fig. 2). 
Enzymatic activity
Biochemical transformation of the curd proteins and peptides during cheese ripening is partly due to the cytoplasmatic enzymes released after cellular lysis, in particular SLAB autolysis [23, 39] . The peptidases released are responsible for the formation of water-soluble peptides and free amino acids [2, 33] . Moreover, LAB, in particular NSLAB, can utilize free amino acids for protein synthesis, generation of metabolic energy and recycling of reduced cofactors, which are connected with cheese flavor formation [6, 36, 41] . Amino acid catabolism involves a wide range of both general and specific regulators and shows significant differences among LAB [11] .
The aminopeptidase activities tested in this work were those frequently found in LAB and capable of hydrolyzing the following six different substrates: broadspecificity aminopeptidase N (PepN) and C (PepC) activities were determined using Lys-βNA and Arg-βNA, respectively, proline aminopeptidase (PepI) activity using Pro-βNA, glutamyl aminopeptidase A (PepA) activity using Glu-βNA, peptidase with high specificity for leucine and alanine (PepL) using Leu-βNA, and activity of the X-prolyl dipeptidyl aminopeptidase (PepX) was determined using PhePro-βNA [6, 33] . The enzymatic activity values detected in the cheese extract free from cells are shown in Figures 3a and 3b for the internal and external zones of the cheese. These results reflect an enzymatic activity due only to cytoplasmatic enzymes released after bacterial lysis.
PepC, PepN, PepX and PepL activities were higher in the external zone of cheese (Fig. 3b) than in the internal zone (Fig. 3a) , especially during the first six months of aging. In both zones, PepA and PepI activities were very low, in contrast to the high quantity of proline and glutamic acid usually found in free form at the end of ripening [4, 31] . In general, glutamic acid is the main amino acid detected in cheeses produced with a thermophilic starter and cooked with a temperature gradient such as PR [4] , Swiss cheese [30] , Gruyère [3] and Emmental and Bergkäse [20] . This apparent contradiction might be explained in different ways: (i) Glu can be liberated by broad-specificity aminopeptidase like PepC [6] ; (ii) the hydrolytic activity towards Glu and Pro is low but always present during ripening; (iii) Glu and Pro are highly present in milk proteins [37] ; and (iv) Pro is not further converted into degraded molecules and gradually increases in cheese [11] .
A significant increase in EA was detected in the first 48 h of manufacture. These results are in agreement with the decrease in total counts observed, in particular in the cheese internal zone. A second stage of EA increase was observed for the internal zone during the 6 th and 8 th months (Fig. 3a) and for the external zone during the 4 th and 6 th months (Fig. 3b) . Over the 20 months of ripening, similar quantitative ascending trends in the hydrolysis of specific substrates were observed for the internal and external zones of the cheese.
CONCLUSION
The Parmigiano Reggiano cheese ripening process is a very complex biochemical event. Technological parameters determine the specific microbial selection in the different stages of cheesemaking and ripening and even in the different cheese zones. Our results show that the microbial populations present in curd and in cheese can play different roles in the subsequent phases of ripening and can interact by overlapping their metabolic pathways. For example, the SLAB are involved not only in lactose depletion and curd acidification, but also in the production of a considerable amount of intracellular aminopeptidases released as a consequence of bacterial lysis, which are active during the whole ripening.
Regarding NSLAB, they remain viable for a long time during cheese ripening. They seem to adapt better to cheese than SLAB and are able to survive and grow even in the absence of lactose. The technological role of this secondary microflora should be investigated in greater depth.
The microbial dynamics, the identification of all microbial species, the infraspecies biodiversity and their interactions during PR cheesemaking and ripening are not still completely clarified. This gap should be filled to understand better and protect the origin, the tradition and the quality of this PDO cheese.
